Introduction
Microneedle arrays are minimally invasive devices that can be used to by-pass the stratum corneum barrier and thus achieve enhanced transdermal drug delivery. Microneedles (MN) (50-900μm in height, up to 20,000 MNs cm -2 ) in diverse geometries have been produced from silicon, metal, carbohydrates and polymers using various microfabrication techniques (Henry et al., 1998; Crichton et al., 2010) . Recently, there has beenincreasing interest in investigating the influence of a variety of variables related to the use of MN, in order to reach an optimum MN design for transdermal drug delivery (Aggarwal et al., 2004; Davis et al., 2004; Verbaan et al., 2008; Olatunji et al., 2012) . In particular it has been shown that the height and density of MNs on an array can affect the rate and extent of drug delivery achieved (Verbaan et al., 2008; Oh et al., 2008; Yan et al., 2010) including some of our previous work (Al-Qallaf et al., et al., 2007; Al-Qallaf and Das, 2008; Davidson, et al., 2008; Al-Qallaf and Das, 2009a,b; Al-Qallaf et al., et al., 2009a,b; Olatunji et al., 2012) .
In order for the MN technology to become a clinical reality, there are a number of challenges that need to be overcome. MN arrays should be able to demonstrate sufficient strength to penetrate into the skin or other biological tissue without breaking or bending before or during insertion (Aggarwal et al., 2004) . The major factors accountable for MN performance are type of material, needle height, tip-radius, base diameter, needle geometry and needle density, which, in turn, determine the overall insertion and fracture force of the MN (Davis et al., 2004) . The inherent elasticity and irregular surface of the skin remains a major challenge to the reproducibility of MN penetration. It has been shown that the skin can become folded around MN, which results in either partial or incomplete piercing depending upon MN height (Verbaan et al., 2008) . As such, there is a greater need to understand the force required for reproducible skin penetration to be achieved for a given MN design. Recently, it has been shown that the depth of MN penetration into the skin is critically dependent upon the force used for MN application (Donnelly et al., 2010) . This finding suggests that to ensure consistent MN penetration on a patient -to -patient basis, it may be necessary to develop a suitable application method and device, rather than relying on manual insertion of MNs.
Indeed, the use of applicator devices has been shown to provide superior MN penetration into skin in comparison to manual application (Verbaan et al., 2008) .
In order to fully understand the MN insertion process, and how this is influenced by the density of MN on an array, it is necessary to develop a model that identifies each of the forces and stages that are involved in the penetration of MN into skin. Soft tissue such as skin, in reality, is an inhomogeneous material that exhibits non-linear anisotropic, elastic and viscous behaviour. These properties make the modelling of skin deformation rather complex. This is an area of research that has attracted a considerable amount of attention in recent years (Okamura et al., 2004; Simone and Okamura, 2002 , Simone, 2002 , DiMaio and Salcudeen, 2002 DiMaio and Salcudeen, 2005; DiMaio, 2005) , with accurate modelling of needle insertion useful for medical purposes such as training through realistic surgical simulation and planning prior to surgery and monitoring of robot assisted surgeries (Yan et al., 2009) .
A novel approach to modelling and simulation of needle insertion into soft tissue was presented by DiMaio and Salcudean (2003) . The authors inserted a needle into marked and calibrated artificial tissue. Using computer visualization, they measured the needle and tissue deformation on insertion. The force distribution along the needle shaft was then estimated through computer aided visual observation. This was then followed up by their work to present a novel interactive virtual needle insertion simulation. The deformation of both the tissue and needle was modelled in 3D and solved using fast numerical techniques which they developed (DiMaio and Salcudean, 2003) . The findings from this study highlighted a relationship between force applied to the needle and tissue deformation and presents a method to analyse tissue deformation based on needle forces.
In other studies (Marvarsh and Hayward, 2001; Maurin et al., 2004) , needle insertion was separated into 3 phases based on results obtained from experiments performed on bovine liver tissue. These forces include deformation (without penetration), steady state penetration, relaxation and extraction. Azar and Hayward (2008) related crack size, needle diameter and tip geometry to insertion force. The process of insertion was accounted for as an interchange of energy between work done by the needle, work of fracture of tissue, work against friction and change in recoverable strain energy. In a separate study, Yan et al.(2009) proposed a spring beam damper model to describe needle-tissue interaction during insertion. The work was aimed towards developing physically based needle steering systems to achieve more accurate needle placement during medical procedures such as biopsies and treatment injections, by taking into consideration the needle deflection during insertion and the inhomogeneity of tissue. The developed model creates an online parameter estimation that allows the depth varying parameter to be controlled, thereby preventing inaccurate targeting.
All the studies discussed above focus on modelling the insertion of a single needle into soft tissue. However, in reality most MN devices consist of an array of regularly spaced MNs that are inserted into skin. For optimum drug delivery, and clinician/patient acceptability, it is important that the MNs are capable of inserting into skin, reliably and reproducibly. On this basis, this study aims to provide a fundamental framework that relates the distribution of MNs within an array, in terms of MN interspacing, with the insertion mechanism of a MN array into skin. In doing so, this study proposes mathematical models to relate MN interspacing to MN insertion force by isolating the forces that exists in the different phases of insertion, using constitutive equations. Furthermore, to assess the validity of the proposed model a series of in vitro experiments were conducted to determine the force required for MN insertion into neonatal porcine skin, over a range of MN interspacing. This model may be useful for the early stages of MN device development, enabling a prediction of the optimum array density for a given MN design such that the potential for enhanced drug delivery is not compromised by the ability of the MN to penetrate into skin.
Materials and Methods

Materials
Gantrez ® AN-139, a copolymer of methylvinylether and maleic anhydride (PMVE/MA) was provided by ISP Co. Ltd, Guildford, UK 
Fabrication of microneedles
A 20% w/w aqueous solution of PMVE/MA was prepared by adding the required mass of PMVE/MA to ice cold deionised water, followed by vigorous stirring and heating at 95.0 o C until a clear gel was obtained, due to hydrolysis of the anhydride form of the copolymer to the corresponding acid. Upon cooling, the blend was then readjusted to the final concentration of 20% w/w by addition of an appropriate amount of deionised water. MN arrays were prepared from aqueous blends of 20% w/w PMVE/MA using laser engineered silicone micromould templates, as described previously (Donnelly et al., 2011 
Measurement of MN insertion force into excised neonatal porcine skin.
The force required to insert PMVE/MA MN array at two different insertion speeds, 0.5 mm s -1 and 1.0 mm s -1 , into excised neonatal porcine skin was determined using a TA.XT-plus Texture Analyser (Stable Micro Systems, Surrey, UK), as described previously (Donnelly et al., 2011) . Neonatal porcine skin, a good model for human skin in terms of hair sparseness and physical properties (Woolfson et al., 1995; Fourtanier and Berrebi, 1989) , was obtained from stillborn piglets and immediately (<24h after birth) excised and trimmed to a thickness of 700 µm using an electric dermatome (Integra Life Sciences ™ , Padgett Instruments, NJ, USA). Skin was then stored in aluminium foil at -20 o C until further use. Using double sided adhesive tape, MN arrays were carefully attached to the moveable cylindrical probe. The stratum corneum surface of the skin was dried with tissue paper, and the skin was placed, dermis side down, on a 500 µm thick sheet of dental wax, and this assembly was then secured on a wooden block for support. The probe was lowered onto the skin at a speed of either 0.5 mm s -1 or 1.0 mm s -1 until the desired force was exerted. Forces were held for 30 s and were increased gradually from a force of 0.0056 N per MN (obtained by dividing the applied force by the number of MN in an array) to the force at which MN penetration into skin was observed. After removal of MN arrays, 30 µl of methylene blue solution (1 mg ml -1 ) was applied to the upper surface (0.5 cm 2 ) of the epidermis for 20 mins so MN created pores within the skin could be visualised. Excess solution was gently wiped off from the skin surface with dry tissue paper and then with normal saline solution. Subsequently, skin was imaged using a digital camera to assess for the presence of visible holes created by MN arrays.
Theory
Mechanics of needle insertion into skin
We start by comparing the process of single needle insertion with the insertion of two needles into the skin, thereby identifying the forces acting in both cases. These forces are then defined separately and estimated using applicable equations. The insertion process for a single needle into soft tissue has been defined as comprising of three main phases -stiffness, friction and cutting (Okamura et al, 2004) .
The stiffness, cutting and friction forces will be dependent upon the type and nature of the tissue that the needle is being inserted into, and the estimation of these forces will also be dependent upon the modelling approach involved for the tissue evaluation (Okamura et al, 2004; Davis et al, 2004; Ankersen et al, 1999) .
Whilst previous models have focused on modelling the insertion of a single needle into tissue, in reality most microneedle devices comprise of an array of multiple, regularly spaced needles. As such, in order to fully understand and predict the insertion process into skin, it is necessary that an appropriate model is employed to consider that the presence of multiple needles will contribute to additional forces involved in the insertion process. Thus, this will compensate for any variations that may exist for the insertion force of a single needle and the insertion of an array of MNs.
This study hypothesizes that MN interspacing, i.e. the distance at the base between two consecutive microneedles, will introduce additional forces that should be considered.
Furthermore, the framework presented here assumes the following:
(1) The skin has been pre-stretched allowing minimal indentation prior to piercing and giving it enough rigidity to be modelled as a beam. Also, we treat skin as a liner material where the strains and displacements/deformations are small.
(2) The microneedles in an array are tightly packed such that no folding of the skin or rotation of the micrneedles occurs between the needles. Therefore the indentation is that due to the SC stretching to allow for the microneedles to insert.
(3) Only the piercing to the stratum corneum is being considered. This is due to the fact that the SC acts as the main barrier to MN insertion.
Under the listed assumptions, we define these forces as indentation (stiffness), cutting, bending, friction and buckling forces.
The combination of these forces acting during needle insertion is shown in Figure 1 , with the implications of each force being described in detail in the following section.
Bending Forces
Consider two MNs at a known distance apart; inserted into the skin such that the skin in the space between them is displaced vertically in the direction of the applied force. To represent this, the skin is modelled as a beam on an elastic foundation and, as the stratum corneum (SC) is much stiffer than the other layers of the skin, it is modelled as the beam (Thalmann et al, 2002) . The lower layers of the skin are, therefore, represented as the elastic foundation.
Since the aim here is to develop a quantitative basis to relate MN interspacing and insertion mechanism of MNs, each layer will be assumed to be homogeneous, isotropic and elastic (Kuwazuru et al, 2008) . Prior to insertion, the skin is modelled as an infinitely long beam on an elastic foundation with two concentrated loads.
The bending equation accounts for the one dimensional bending of the skin along the vertical axis. To calculate the bending force the equation for a beam on an elastic foundation allows us to combine the bending force of the beam with the reaction of the foundation as the beam bends along its length (Astapov et al, 1994) . Where b= foundation width, v=Poisson ratio, E s =young modulus of foundation, E= Young modulus of SC, I=moment of inertia of the cross section of SC and C 3 and C 4 are integration constants, the equation for the deflection curve of a beam under transverse loading is given as (Hetenyi, 1964; Astapov and Kornev, 1994) )
Where y is the deflection at a distance s from the needle, for a beam of unlimited length with a single concentrated load the solution becomes,
The deflection y 0 directly underneath the load, P is given by;
(4) Where λ is a notation for the following (5) The modulus of foundation, β, is obtained from the equation introduced by Vesic (1963) and Cheng-Zhang (2009): (6) The procedure to obtain a value for bending force during the insertion of two MNs with an interspacing S at the tip, is as follows; the equation was solved for a single concentrated force and then the second concentrated force was superimposed, more specifically, the force required to cause the maximum deflection underneath the first needle was calculated by rearranging Equation (4). The initial deflection at distance S where the next needle is placed is then calculated using Equation (3). The additional force required to cause the maximum deflection at distance S is then calculated using equation 4 making y 0 the initial deflection caused by the first needle. The two forces where averaged to calculate the force required by each needle to bend the skin to allow the vertical deformation prior to penetration (Astapov et al, 1994) .
Indentation (stiffness) force.
Following the bending of the skin, the needle tip starts to compress the stratum corneum. The vertical force exerted by the needle tip causes deformation of the skin, leading to piercing. This is the displacement that takes place prior to the breaking of the bond between the skin fibres as the needle pierces through the skin structure. The stiffness model derived by Okamura et al. (2004) is based on the experimental condition employed; we use a more general model here to describe the force required for the needle to indent the skin before piercing. The force between the needle tip and skin surface during compression has been represented by Hertz as follows 
where E is the elastic modulus, r is the tip radius of microneedle, v is the Poisson ratio and δ is the indentation depth This equation was obtained from analysing the force acting between a spherical indenter and the tip of the indenter . As the main barrier is the stratum corneum, with the underlying layers having a much lower stress limit (Kuwazuru et al, 2008; Cua et al 1990) , we take E and v to be the young modulus and Poisson ratio of the stratum corneum, respectively. The indentation depth is assumed to be 100% of the thickness of the stratum corneum, this is considering the fact that some compression also occur during cutting (Okamura et al, 2004 ). The Hertz model assumes the materials in contact are smooth and linearly elastic. The advantage of using this model is that it takes into account the shape of the needle tip.
Cutting Force
After the pre puncture forces (bending and indentation) have been applied to the skin, a force is required to cut through the tissue fibre, thus initiating MN penetration. Once the skin has been compressed to its minimum thickness, an additional force is required to enable the MN array to cut through the skin. The cutting force can be envisaged as the bond energy which integrates the tissue structure (Okamura et al, 2004) . This energy must, therefore, be exceeded in order to puncture the skin. The cutting force is a constant and its value is determined by factors such as sharpness of the penetrant and the type and nature of the tissue under consideration (Davis et al, 2004; Okamura et al, 2004; Sharaf et al, 2003) .
Buckling Force
As the needle cuts through the skin tissue the needle inserts into the stratum corneum. The skin between the needles must therefore buckle to allow for this insertion to occur; hence cutting and buckling occur simultaneously. The resistance offered by the lower layer of the skin as the SC buckles is represented by the foundation modulus (Kuwazuru et al, 2008) .
The minimum force required to cause skin buckling depends on the interspacing between the needles. The force causing this deformation is the lateral force exerted by the needles on the skin; the beam in this case therefore has a finite length, S which is the interspacing between the MNs at the tips.
The minimum force (F buckling ) required for causing skin buckling is an additional force necessary to insert an array of MNs at an interspacing S at the tip. This is given by Equation 8 (Timoshenko, 1936) , Where m is the number of half sine wave of the bent bar which depends on the material properties and is given by:
The concept of buckling in the skin has previously been considered by Kuwazuru et al. (2008) . The group applied a multistage buckling model to analyse the mechanism of wrinkle formation as a result of buckling of different layers of the skin, relative to age related changes in skin structure. The skin will deform linearly under relatively low stress (Diridollou et al, 2000 , and in this study as we aim to quantify the effect of spacing on insertion force, the equations based on assumption of linear behaviour for a beam on an elastic foundation are adaptable for this purpose.
Frictional force
As the needle inserts into the skin, further resistance occurs in the form of friction generated as a result of the needle rubbing against the skin surface. Here the friction force was modelled using the equation presented by Okamura et al. (2004) . The group obtained the damping coefficient by fitting the results from needle insertion experiments on liver tissue to Karnopp's modified friction model (Kirnopp, 1985) . The linear model obtained was solved to account for the friction force during needle insertion. The friction force is determined by the 
In the following section we use the framework presented above to predict insertion force for different skin types and we show the effect of interspacing on insertion force. Two dimensional simulation of MNs inserted in the skin are used to show the effect of interspacing on skin deformation and stress at needle tip.
Finite Element Modelling (FEM) modelling of MN insertion
2D FEM simulations were performed for the numerical analysis of MN insertion into skin at various interspacing. The simulations were carried out using COMSOL (Comsol, 2005) , modelling the skin as an isotropic elastic material with the aforementioned mechanical properties and the needles as tapered metallic structures made of titanium. COMSOL has been applied in previous studies for biomedical studies on microneedles (Al Qallaf et al, 2009 ). The software has a user friendly graphical interface that allows solution of contact problems in 1 to 3-D mode. Plane stress analysis was carried out while assuming linear deformation of skin and microneedles and, the constitutive equation for linear materials is used to model the deformation of the skin given as: (11) Where c, α, a, β are constants and γ and f are source terms which depend on the boundary conditions imposed. In this particular case, c is the elasticity matrix consisting of poison ratio (v) and Young modulus (E), the values for these are discussed later. α is the stress tensor, γ is the initial strain vector which is 0 in the simulations presented, a is the mass damping parameter (1 Ns/m), β is the stiffness damping parameter (0.01 N/m), u is the vector of dependent variable such as displacement in this case f is the force term which is the load applied at the MN base as discussed in the following section. The boundary conditions are defined such that the base on which the skin is placed is rigid and the skin surface is movable in all direction. The solutions obtained from numerical simulations are discussed in section 4.
It is known that the mechanical properties of skin vary with respect to different factors such as anatomical region, age, gender and individual phenotype (Escoffier et al, 1988; Cua et al, 1990; Agache et al, 2004; Gambichler et al, 2006) . revealed that the Young modulus for stratum corneum of porcine skin was dependent upon the moisture content of the skin, ranging from 26 -120 MPa, for wet and dry skin, respectively. It has been suggested that this range of values may be representative of how the mechanical properties of the skin varies with age. In particular, the lower value of Young modulus seen for wet skin may be taken to represent skin from a young adult, whilst the values for the dry skin may represent that of an elderly adult. As such, in the results presented in this paper we have applied our theoretical model to both the upper and lower limit of the reported young modulus values, applying the following assumptions. The Young modulus of the viable epidermis for skin from a young adult was assumed to be half of that from an elderly adult (Agache et al, 1980; Kuwazuru et al, 2008) . Therefore, 0.272MPa was defined for the viable epidermis of an elderly adult since young modulus for epidermis of skin from a young adult has been reported as 0.136MPa (Maemo et al, 1997; Kuwazuru et al, 2008) . The thickness of the viable epidermis also varies with age. The viable epidermis is approximately 51μm for a young adult and 37µm for an elderly adult (Gambicher et al, 2006) .
Results and Discussions
The results section is ordered in such a way that the results from FEM simulations are presented first, followed by results from theoretical analysis. In the final part of the result section the theoretical analysis is then compared with the experimental findings.
FEM modelling of MN insertion
Stress and displacement values where obtained from the numerical simulations in COMSOL.
Analysing the stress and displacement of the microneedles prior to insertion serves as a measure of resistance offered by the skin prior to insertion at various interspacing as discussed in the following subsections.
Effect of interspacing on stress at MN Tip
Simulations in 2-D were carried out using COMSOL, of MNs pressed against the skin surface with an equal predetermined force of 0.0027N at the base of each needle (Figure 2) .
The upper layer, the stratum corneum was given a young modulus of 26MPa while the lower layer was given a young modulus of 136KPa and the Poisson ratio was taken as 0.49 for both layers (Magnenat-Thalmann, 2002) . The interspacing was then varied between 25μm and 315μm increasing by 10μm for two different geometries. Figure 2 shows results obtained when the MNs were modelled as 400μm long tapered MNs with a base radius of 60µm and tip radius of 30µm. This small geometry (relative to the MN sizes used in the experiment) has been used in order to achieve close interspacing at the tip and this allows us to obtain a wider range of results, prior to experimental verification of the proposed model, which was adjusted to match the shape and dimensions of the MN arrays used in the study. The stress at the MN tips was calculated for 30 different values of interspacing. The results shown in Figure 3 indicate a decrease in stress at MN tip as the interspacing is increased.
In another simulation a row of 3 microneedles attached to an array with an applied load of 0.00576N was inserted into skin using the same MN geometry and skin properties listed above. The normal stress on each MN was then obtained as an average of normal stress on all three MNs (Figure 4a ). This was then repeated for the microneedle geometry that has been used in the in vitro insertion experiment Figure 4b . The results, as shown in Figures 4a and   4b , indicate higher normal stress on the MNs at small interspacing and lower normal stress at wider interspacing. These results are in line with our proposed theory since the decrease in stress at the tip indicates that the MNs face less resistance as the needles are placed farther apart.
Vertical Displacement of MNs prior to insertion
The vertical displacement of the needle acts as an indicator of the manner in which the skin deforms as a result of lateral stress distribution. A force of 2.7N was applied at the base of each needle and the vertical displacement of the needles was measured for different interspacing ( Figure 5) . The results show a decrease in vertical displacement as the interspacing increases, with a sharper decrease between 10 and 150μm. This may be explained by the fact that the stress distribution around each needle intercept becomes less as the interspacing increases (compare Figures 2) .
Insertion force estimation
First we calculate the bending, indentation, cutting, buckling and friction forces separately at different MN interspacing. The total insertion force is then estimated based on the presented framework. The parameters for 'old' and 'young' skin have been used here for the purpose of comparing two different types of skin. In order to assess the validity of the results suggested by the model, a series of in vitro experiments were conducted to determine the insertion force for conical shaped MNs of 600 µm height and 300 µm width at base, with varying MN interspacing distances. These experimental results were then compared with the theoretical values.
Bending Forces
Using equations 3 -6, the bending force was calculated for a range of varying MN interspacing. The results, as shown in Figure 6 , predict that the force required to bend the skin before puncture will increase as the spacing between the needles increases, showing a much steeper increase for lower interspacing. Bending force for the skin of an elderly adult (termed "aged" skin) is higher than that for the skin of a young adult (termed "young" skin). This is expected due to the difference in the mechanical properties of the skin as a function of age (Agache et al, 1980) .
Indentation Force.
The force required for the needle to indent the surface of the stratum corneum before piercing through is calculated using Equation 7. Using a tip radius of 15 microns the indentation force estimated for young skin was 0.007345N, and for older skin 0.047375N. The needle was assumed to compress the stratum corneum by 60% of its thickness prior to insertion. This assumption is based on the theory that skin consists of pore spaces (Tezel, 2002) such that the compression causes realignment of the skin fibre (Leddy and Guilak 2008; Leddy et al, 2006) causing the spaces to close. The indentation force is not affected by interspacing, however it should be included in the total insertion force calculation.
Cutting Force
The theoretical pressure to pierce human skin is reported as 3.183x10 6 Pa (Aggarwal and Johnston, 2004) . However this force is a combination of pre puncture and post puncture forces. Okamura (2004) isolated the forces during needle insertion into liver tissue and obtained a cutting force of 0.94 N for a needle with tip diameter of 1.27 mm at a speed of 0.003 m s -1 . By calculating the kinetic energy, the pressure of insertion was obtained and in turn used to approximate the insertion force for a MN with a tip radius of 15µm giving a value of 0.019 N. This force is assumed to be instantaneous and independent of depth and is the same for young and old skin. However, as these experiments were performed on bovine liver tissue, the value determined by this model is used here only as an estimate for MN penetration into skin.
Buckling Force
The skin is modeled as a beam on an elastic foundation under two axial loads to obtain the minimum force required to buckle the skin at different spacings between the loads. The analysis predicts a general decrease in the buckling force as the interspacings at the needle tips increase for both old and young skin (Figure 7) . The oscilating nature of the result suggests an optimum value within a given range but in general buckling force decreases as interspacing increases.
Frictional force
The frictional force, like the indentation and cutting forces, is independent of interspacing.
The distance travelled by the needle l, in this case is the thickness of the skin before puncture which is assumed to be 40% of the original thickness of the stratum corneum. The friction force values obtained here is relatively low, for example from our calculations using equation 10, at 0.5 mm/s the estimated friction force is 5.03 µN.
Total insertion force
Summing up these forces gives the total force required to insert each MN having accounted for the effect of the MN interspacing. Theoretical analysis indicates that the cutting force accounts for much of the MN penetration, whilst the bending force of the skin contributes the least. The total insertion forces at different interspacing are plotted in Figure 8 showing a combined effect of MN interspacing on bending and buckling forces. At lower spacing the effect of interspacing on insertion force should be more noticeable, and as the spacing increases, the effect on insertion force becomes less prominent or almost absent.
The interspacing between the needles has an effect on the buckling and bending force but no effect on the indentation, friction and cutting forces. Therefore, to obtain a direct relationship between insertion force and interspacing, regression analysis was carried out on the variable forces (bending and buckling). Regression analysis of Figure 8 shows the effect of interspacing on insertion force to be well represented by a power law equation (R 2 = 0.63) of the form in equation (12). F bending+buckling is the sum of the bending and buckling force per unit area for each microneedle, a and b are constants that are obtained by fitting the equation with experimental values as discussed in the following sections.
(12)
In vitro determination of insertion force required for MN penetration into neonatal
porcine skin using texture anlayser.
In order to assess the validity of the proposed mathematical model, a series of in vitro experiments were performed to determine the force required for MN insertion into neonatal porcine skin for MN arrays with varying MN interspacing. The polymeric MN arrays employed within this study were conical in shape, with a MN height of 600 µm and base width of 300 µm. The laser-engineering process used during the production of these MNs, enabled arrays of MN interspacing from 30-600 µm to be designed for testing. The experimental data for the determination of MN insertion force into excised neonatal porcine skin were analysed using a one-way analysis of variance (ANOVA), with post hoc comparisons performed using Tukey's HSD test. In all cases, p < 0.05 denoted significance.
It was found that for all MN interspacing values, the speed at which they were inserted had a significant effect (p < 0.001) upon the force required for MN insertion. In particular, an increase in the speed at which MN were applied to the skin surface resulted in a decrease in the force required for insertion into the skin. It can be seen from Table 2 that the force required for MN insertion ranged from 0.0216 N/MN to 0.0214 N/MN at an insertion speed of 1.0 mm s -1 , and 0.03 N/MN to 0.028 N/MN at an insertion speed of 0.5 mm s -1 for a MN array of interspacing 30 µm and >150 µm, respectively. This is in agreement with previously reported findings, where it has been shown that the use of a high velocity (1-3 m s -1 ) applicator enabled more reproducible MN insertion into dermatomed human skin when compared to manual MN insertion (Verbaan et al, 2008) . It has been suggested that the natural elasticity of the skin may counteract the penetration of MNs into the skin when the MNs are inserted slowly into the skin (Verbaan et al, 2008; Crichton et al, 2010) .
Furthermore, it has been shown that increasing the velocity of MN application led to an increase in the transport rate of a model compound, cascade blue, across dermatomed human skin (Verbaan et al, 2008) . This suggests that the speed of application is important for both the insertion and penetration of MNs into the skin. In regards to the effect of MN interspacing upon the force required for MN insertion into skin, it was found that only the MN arrays with interspacing values ≤ 50 µm had a significantly different (p < 0.001) insertion force per MN, in comparison to the arrays of MN interspacing 150-600 µm. Whilst it has been shown that increasing the density of a MN array can led to an increase in the rate of transdermal drug delivery (Oh et al, 2008; Yan et al, 2010) , it appears that there will be an optimum density for any given MN design and application (Widera et al, 2006; Verbaan et al, 2008; Yan et al, 2010) . Yan et al, (2010) observed lower drug permeation results for very high MN array densities (> 20,000 MN cm 2 ). This was attributed to the fact that each MN array was inserted at the same force per unit area (44.5 N), rather than the same force per actual MN, such that the depth of penetration of these high density arrays may have been reduced in comparison to arrays of lower MN density. To ensure that the forces determined here would be applicable to an array with a larger number of MN, but the same MN interspacing, confirmation studies were performed to assess if a force of 0.0214 N/MN would enable successful skin insertion of a MN array with 121 MNs (MN height 600 µm, MN width 300 µm and MN interspacing 300 µm). This confirmed that the insertion force was dependent upon MN interspacing and not MN number, with the same insertion force per MN required to insert a MN array with 9 MNs in total and an array with 121 MNs (i.e. insertion force of 0.0214 N/MN at a speed of 1.0 mm/s). Representative digital images used as confirmation of MN insertion are shown in Figure 9 . These experimental findings are in agreement with the predictions based upon the theoretical model proposed within this study (Figure 8) as the results show a decrease in insertion force as the interspacing is increased. Further analysis are carried out to obtan a quantitative relationship between interspacing and insertion force. This is discussed in the next section.
Tuned Model based on experiment Results
To obtain a direct relationship between insertion force and interspacing, regression analysis was carried out on the results based on the theoretical analysis. The buckling and bending forces at each interspacing was summed up and plotted against corresponding interspacing to obtain a direct relationship between additional forces required for insertion due to interspacing. The constant forces (cutting, friction and stiffness) for a given MN geometry are then added to this force to obtain total insertion force. From regression analysis, the effect of interspacing on insertion force F was best described by a Power law equation of the form:
Where F is the force applied at the needle base (N). This derived equation was then tuned with the experimental results (Table 2) obtained given the following equation for additional force required due to interspacing as:
The force is divided by the area of the MN base to give the force per unit area such that the total force per unit area (KPa) per MN can be expressed as:
The model results presented here ( Figure 10) is valid within the range 30 to 150μm interspacing at MN base since the experimental results show no variation in insertion force beyond 150μm. In addition to this, since the skin property varies for different species and sites of the body, it should be considered that Equation 14 is derived from experiments carried out on neonatal porcine skin.
Conclusion
In this study, we have presented experimental results and theoretical analysis which provide a quantitative basis for relating the arrangement of MNs in terms of interspacing with the insertion force of MNs. The results indicate that the framework is useful in calculating insertion force and the predicted pattern is comparable with experimental results. This model is expected to be useful for planning the optimum design of a MN device, with consideration given to maximising the number of MNs within a given area in order to enhance the rate of drug delivery whilst negating against any potential "bed of nails" effect. Furthermore, by predicting the minimum force required for MN insertion this model may aid in the development of an appropriate applicator for reproducible MN penetration into skin. Tables   Table 1. Geometries of PMVE/MA MN arrays produced using laser engineered micromoulds. 
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